INTRODUCTION
Most of our knowledge of the posttranscriptional modification of tRNA has been derived from studies in prokaryotic organisms. Undermodified tRNA has been available for the study of tRNA modification ^n vitro since the discovery of the methionine requiring relaxed mutant of E.coli K12W6 by Borek . More recently, phage tRNA transcribed i£ vitro, and mycoplasma tRNA, have been 2 3 used to study prokaryotic tRNA modification enzymes ' . Some bacterial methyl-4 deficient tRNAs can be completely modified iti vitro with bacterial enzymes .
It also has been noted that bacterial methyl-deficient tRNA matures normally ill vivo once the methyl deficiency is reversed ' .
Mammalian tRNA is known to be synthesized in a precursor form deficient in modified nucleosides , and there is indirect evidence for methylation of these precursors at specific times during their processing to mature tRNA Q molecules . However, in order to study mammalian tRNA modification enzymes in vitro, it was necessary to use heterologous tRNA, either E.coli tRNA or tRNA isolated from E.coli K12W6 grown under conditions of methionine deprivation . With this tRNA, some mammalian methylating enzymes could still 9-12 not be measured. Rajalakshmi and others have demonstrated that rat liver tRNA from ethionine-treated animals could serve as a substrate for rat liver methylating enzymes. We have correlated the activity of undermodified tRNA prepared from rat liver, as a substrate i£ vitro, with the nctual methyl deficiency of the tRNA. We find that the tRNA becomes a poorer substrate for rat liver methylating enzymes the longer the animal is treated with ethionine, an observation previously reported by Wainfan e_t a_l. . However, when the quantity of modified nucleosides present in the tRNA is measured, the deficiency does not correlate with the activity of the tRNA as a substrate for TM vitro methylation. The tRNA remains deficient in modified bases for as long as the animal is treated with ethionine. The possible causes for this discrepancy are discussed. The tRNA is a substrate for enzymes that cannot be demonstrated when heterologous tRNA is used as substrate, viz., tRNA (cytosine-3)methyltransferase and tRNA(hypoxanthine-l)methyltransferase. It is also noted that the effects of ethionine are selective; the synthesis of some methylated bases is inhibited much more than others. Preliminary results on the jU vitro methylation of tRNA from ethionine-treated animals have been published 14 .
MATERIALS DEAE-52 cellulose was obtained from Whatman, BD-cellulose from Sigma Chemical Co., and Aminex A-7 from Bio-Rad Labs. Silica gel-F254 and cellulose TLC plastic sheets were purchased from Brinkmann Instruments, and Avicel #144
from Schleicher and Schull. Radioactive amino acids and [methyl-C]S-adenosylmethionine were purchased from New England Nuclear and Amersham/Searle Corp.
Pancreatic, T, and T ribonucleases, E.coli alkaline phosphatase, snake venom phosphodiesterase, and E.coli tRNA were obtained from Sigma Chemical Co.
Modified nucleosides were purchased from P-L Biochemicals and Sigma. Other chemicals were reagent grade purchased from Fisher Scientific. The nucleoside 3 15 4abu U was synthesized according to the procedure of Ohashi et^ al.
METHODS
Preparation of tRNA. White male Wistar-strain rats weighing 100-150 g were placed on a protein-free diet (Nutritional Biochemicals Inc.) and injected intraperitoneally with L-ethionine (35 mg/100 g) dissolved in 0.9% NaCl daily at 4 P.M. Control animals were injected with saline. The animals were sacrificed at 11 A.M. at the indicated intervals. In feeding experiments the animals were placed on a defined diet containing 0.257. DL-ethionine.
Transfer RNA was extracted from freshly excised rat liver by a modification of the method of Yang and Novelli . The livers were placed in ice-cold 0.15 M KC1. They were blotted dry, weighed, and homogenized in 3 volumes of buffer A (0.01 M Tris-HCl, pH 7.5, 1 mM EDTA, 0.01 M MgCl,, 0.15 M NaCl)contain-18 ing 0.57. bentonite in a glass homogenizer with 20 strokes of a teflon pestle.
The homogenate was diluted to 5 volumes with buffer A and centrifuged at 12,000 x g for 10 min at 4°. Sodium dodecyl sulfate (0.05 volumes of a 1% solution) was added to the supernatant, and the mixture shaken with an equal volume of phenol saturated with water for 20 min at room temperature. The phases were separated by centrifugation at 15,000 x g for 30 min. The phenol phase was reextracted with 1/2 volume of buffer A, and tRNA precipitated from the combined aqueous phase with 0.1 volume of 20% potassium acetate, pH 4.5, and 2 volumes of ethanol at 4 . The precipitate was collected by centrifugation, suspended in one volume of 1 M NaCl, and incubated in an ice bath for 1 h. The suspension was centrifuged at 104,000 x g for 1 h in the #40 rotor in a Spinco Model L centrifuge to remove glycogen and rRNA, and the tRNA precipitated with 2 volumes of ethanol. The precipitate was collected by centrifugation, dissolved in 0.5 M Tris-HCl, pH 8.8, and incubated at 37° for 1 h. The tRNA was precipitated with potassium acetate and ethanol as described above, the precipitate collected by centrifugation, dissolved in 1 ml of 0.1 M Tris-HCl, pH 7.5, and applied to a column of DEAE-52 (0.6 x 4 cm). The column was washed with 15 ml of the same buffer, and the tRNA eluted with 1 M NaCl containing 0.1 M Tris-HCl, pH 7.5, and precipitated with 2 volumes of ethanol. For the methylation studies, the 5s RNA was not separated from the tRNA. For nucleoside analysis the tRNA was further 19 purified by gel electrophoresis according to the method of Chia et_ al.
Aliquots of tRNA were treated with the N-hydroxysuccinimide ester of phenoxyacetic acid (HSP) as previously described Preparation of enzymes. Rat liver methylating enzymes were prepared by the 21 method of Buch £t al^.
from the 105,000 x g supernatant fraction of a rat liver homogenate and stored dessicated at -25 . Enzyme extracts used for the prepara-20 tion of aminoacyl-tRNA were prepared as previously described
The bacterial methylating enzymes were prepared by fractionation of a crude homogenate of late log phase E.coli B cells with a dextran-polyethylene glycol two-phasje system . The upper phase was dialyzed against 20 volumes of buffer containing 0.01 M Tris-HCl (pH 7.5), 0.01 M MgCl-, 0.001 M EDTA, 0.1 mM dithiothreitol and 10% glycerol changed once. The enzyme was frozen in 0.5 ml aliquots until used. Protein was determined with biuret, using bovine serum converting the weights to molar equivalents were obtained by injecting a standard mixture onto the column. The major nucleosides could be determined with a standard deviation of ± 5%, and the minor ones to ± 11%. To analyze the nucleo-3 3 side 4abu U, the column was run at pH 2.9. At this pH, 4abu U eluted between 9 inosine and guanosine, but nucleosides that elute after N -methylguanosine could not be determined (see Figure 1 ).
Analysis of tRNA methylated in vitro. The tRNA was methylated as described above, except that the incubation was scaled up 5-fold. The tRNA was extracted with phenol, precipitated, taken up in water, and dialyzed overnight against distilled water. The tRNA solution was reduced to dryness on a rotary evaporator, dissolved in 88% formic acid, and hydrolyzed in a sealed combustion tube at 180 for 2 h. The hydrolyzate was dried in a stream of air, and dissolved in 15 pi of 0.1 N formic acid; 10 ul of a standard solution containing 750 ug/ml of each methylated base to be determined was added, and the mixture was analyzed by the two-dimensional thin-layer chromatographic procedure described by Munns etal. 26 . RESULTS tRNA content of modified nucleosides. The modified nucleosides present in 23 the tRNA were measured both by the tritium-labeling method of Randerath e£ al.
and by HPLC. In Table I The nucleosldes obtained by digestion of tRNA extracted from the liver of control rats and rats treated for 67 h with L-ethionine and placed on a protein-free diet were analyzed by the tritium-labeling method of Randerath £t, a^. 23, Each value is the average of three determinations except the 67 h control, which is the average of six determinations on tRNA from two animals. controls, is presented. After 67 h of treatment, the content of 5-methylcytidine and N -methylguanosine was lower in the tRNA from one of the ethionine-2 2 treated animals, and both these nucleosides, as well as 5-methyluridine, N ,Ndimethylguanosine and 3-methylcytidine, were deficient in the tRNA extracted from the second animal. The methylated nucleosides comprised 6.09 and 6.00% of the total nucleosides measured in the experimental animals as compared to 6.84/!, for the control tRNA, a difference that was significant at p < 0.05.
This represents a deficiency of approximately 0.6 methylated bases per tRNA molecule. 3 13 27
The nucleoside 4abu U is also synthesized from S-adenosylmethionine ' However, we were unable to detect any significant difference between tRNA extracted from control and ethionine-treated animals in the content of this nucleoside, although the content was always lower in the tRNA isolated from experimental animals. This nucleoside was also analyzed by HFLC. Figure 1 presents an elution profile of a nucleoside digest of tRNA chromatographed on Aminex A-7 at pH 2.9. At this pH, 4abu U can be detected, but nucleosides that 2 elute after N -methylguanosine cannot be measured. Table II presents a compilation of data from such an analysis. Again, no significant differences can 3 be detected in the 4abu U content of the tRNA. For comparison, data obtained by analysis of the same tRNA by the tritium labeling method are also presented.
If the tRNA is isolated from animals fed DL-ethionine in their diet for 4 weeks, the tRNA remains deficient in methylated nucleosides. Significant 2 2 differences are found for N ,N -dimethylguanosine and 5-methyluridine (Table   . 06 Fig. 1 . Nucleoside analysis of tRNA. An enzymatic digest of 0.8 A 2 go units of tRNA was chromatographed on a Bio-Rad A-7 column at pH 2.9, as described in the experimental procedures. The lower trace is recorded at 1/lOth the sensitivity of the upper trace. (Table IV) . At 67 h, the quantity of tRNA eluting in this early peak has reached a maximum, and remains at this level up to 6 days of treatment.
THT*
The alteration in tRNA eluting in this early peak is twofold for tRNA and tRNA e , fourfold for tRNA sn , with very little, if any, change in the eluting profile of tRNA Tyr .
Data from animals fed ethionine are also presented. There is no difference between the tRNA from animals treated for 67 h and those treated for longer intervals in the content of unreactive species of tRNA.
The alterations in the reactivity of the tRNA with HSP could be due either to the inhibition of synthesis of 4abu U or to an alteration in the transcription of the individual isoaccepting species of tRNA. In the latter case, the alteration in reactivity of the tRNA with HSP would not be the direct result of the inhibition of synthesis of 4abu U by ethionine. To test 23±2 (3) 21±3 (3) 22±2 ( these alternatives, tRNA from experimental and control animals was aminoacy-14 3 lated with C and H-isoleucine, mixed, digested with T rlbonuclease, and the products examined by electrophoresis on DEAE-cellulose paper in 77= formic acid.
An autoradiograph of such an experiment is presented in Figure 3 . Two radioactive spots move from the origin. Ethionine treatment causes no change in the ratios of the radioactivity present in the two digestion products. The minor component contained 32.0 ± 2.77. and 32.3 ± 3.07. of the radioactivity in the tRNA from the control and ethionine-treated animals, respectively (three determinations).
Since no tRNA has been described with a base modification within 9 bases of the 3' terminal end , the radioactive products must come from a minimum of two tRNA species with different primary sequences. Since there is no alteration in the proportion of these two species in the tRNA from ethioninetreated animals, it is unlikely that the differences noted in species containing the nucleoside 4abu U are due to an alteration in the transcription of tRNA 116 .
In vitrc^ methylation of tRNA. The tRNA was methylated in vitro with enzymes extracted from normal rat liver. The methylation was carried out under conditions of limiting tRNA concentration. The conditions were optimized with Measurement of bases methylated in vitro. The bases methylated iii vitro were determined after formic acid hydrolysis of the methylated tRNA followed by two-dimensional thin-layer chromatography. Methylated nucleosides were synthesized that were not observed when E.coli tRNA was used as substrate (Table VI) . These included 1-methylhypoxanthine and 1-methylguanosine.
5-methyluracil can be synthesized with E.coli tRNA as substrate if methyl- 1 1 deficient E.coli tRNA is used (data not presented). If Mg is added to the incubation mixture, the extent of methylation decreases, but now 3-methylcytosine can be detected as one of the products, and 1-methylhypoxanthine and 
17. 
ata from control animals of 19 h, 67 h, and 4 wk treatments were combined.
± standard deviation. EJumber of experiments. These animals were fed a diet containing 0.25% DL-ethionine.
1-methylguanosine are the major products formed with rat liver tRNA as substrate.
When E.coli extracts were used as the source of methylating enzymes with rat liver methyl-deficient tRNA as substrate, only two methylated bases, 5-methyluracil and 7-methylguanine, could be detected in the base hydrolysate, in the proportion of 95:5. E.coli tRNA or tRNA extracted from the liver of rats that had been placed on a protein-free diet and treated with L-ethionine for 67 h was methylated as described in the experimental procedures. The bases were identified after formic acid hydrolysis by two-dimensional thin-layer chromatography. In the experiments performed with magnesium, each value represents the average of three determinations with a standard deviation of ± 10% for values greater 15%, and ± 29% for smaller values. The other values represent the average of two determinations. ND, not detected, or less than 1%. 
